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Excited state energy transfer in disordered systems has attracted significant attention owing to the
importance of this phenomenon in both artificial and natural systems that operate in electronically
excited states. Of particular interest, especially in the context of organic electronics, is the dynam-
ics of triplet excited states. Due to their weak coupling to the singlet manifold they can often act as
low energy trapping sites and are therefore detrimental to device performance. Alternatively, by
virtue of their long lifetime lead to enhanced diffusion lengths important for organic photovoltaics
(OPV). Herein, we explore the triplet energy transfer mechanism from dichlorobenzene to thiox-
anthone in methanol solution. We rationalise previous experimental observations as arising from
preferential population transfer into the lowest triplet state rather than the higher lying triplet state
that is closer in energy. The reason for this is a delicate balance between the electronic coupling,
reorganisation energy and the energy gap involved. The present results provide the understand-
ing to potentially develop a hot exciton mechanism in materials for organic light emitting diodes
(OLED) to achieve higher device efficiencies.
1 Introduction
Triplet-Triplet energy transfer (T-TET) has attracted considerable
interest during the past decades1–5 owing to the importance of
triplet excitons in both artificial and natural systems that operate
in electronically excited states. This includes emerging organic
electronics technologies, such as organic photovoltaics (OPV) and
organic light emitting diodes (OLEDs). Importantly, in these cases,
the weak coupling between the singlet and triplet manifolds means
that triplet states are often considered as undesirable low energy
trap states and therefore are detrimental to device performance.
However, the lifetime of triplet states are also considerable longer
than their singlet counterparts, and therefore have far more de-
sirable diffusion length scales6. Despite their importance, the de-
scription of triplet energy transfer pathways are often over simpli-
fied or ignored during the analysis of device performance or the
design of new components.
For OLEDs, which are rapidly emerging in display7 and illumi-
nation8 markets, the excited states responsible for emission are
generated by charge recombination (electrons and holes) within
the active amorphous guest-host layer. Owing to the spin statistics
of charge recombination, this leads to a 25% generation of emis-
sive singlet states and 75% generation of non-emissive triplets9.
Consequently the efficiency of OLEDs crucially depends on guests
that are able to make these triplet states emissive. This is most
a Chemistry-School of Natural and Environmental Sciences, Newcastle University, New-
castle upon Tyne, NE1 7RU, United Kingdom. tom.penfold@ncl.ac.uk
commonly been achieved using guests that exhibit either efficient
phosphorescence10 or thermally activated delayed fluorescence
(TADF)11–13 (See Figure 1).
For the latter, TADF, even in the presence of the spin-vibronic
coupling14,15 and/or the multiple singlet-triplet state pairs ap-
proach16 to promote efficient triplet harvesting, a major draw-
back of the small exchange interaction required to minimise the
energy gap between the low lying singlet and triplet states is that
it also gives rise to small radiative rate constants of the fluores-
cence17. This renders non-radiative processes competitive and
can reduce the luminescence efficiency. Crucially, this limitation
is based upon the assumption that it is the S1 and T1 states which
are exclusively populated during the electronic excitation and in-
volved during the triplet harvesting. While examples exist where
this is proposed not to be the case18,19, these do not provide any
specific evidence other than high device external quantum effi-
ciencies. Consequently detailed understanding of the process of
exciton generation on the guest remains incomplete making it
challenging to design molecules which achieve this.
To overcome this limitation, Adachi and co-workers proposed
the hyper-fluorescence approach20. This utilises a fluophore along-
side the TADF material. It is proposed that recombination occurs
at the TADF co-host molecules. However, the co-host is not used
for emission, but instead for purely converting the triplet exci-
tons into singlets. It can therefore be optimised for maximum
rate of reverse intersystem crossing at the sacrifice of the oscilla-
tor strength. Emission occurs via singlet energy transfer from the
Journal Name, [year], [vol.],1–10 | 1
Page 1 of 10 Faraday Discussions
Fa
ra
da
y
D
is
cu
ss
io
ns
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
19
 D
ec
em
be
r 2
01
8.
 D
ow
nl
oa
de
d 
by
 N
ew
ca
stl
e U
ni
ve
rs
ity
 o
n 
12
/2
0/
20
18
 8
:2
9:
06
 A
M
. 
View Article Online
DOI: 10.1039/C8FD00174J
(a)	 (b)	 (c)	
S1	
Tn	
T1	
S1	
Tn	
T1	
S1	
T1	
Tn	
kph	
kisc	
kf	
krisc	
kf	
Fig. 1 Triplet Harvesting through (a) Phosphorescence, (b) Thermally
Activated Delayed Fluorescence (TADF) and (c) the hot exciton
mechanism. The latter is the focus of the present work.
TADF materials (co-host) to the fluophore via Förster resonant
energy transfers (FRET). While this is a promising approach, the
extra step involved in the emission increases the complication of
these devices. In addition, the energetics makes developing the
hyper-fluorescence concept for efficient blue emitters extremely
challenging.
Alternatively, as shown in Figure 1c, it is potentially possible
to avoid these problems by relying on upper excited triplet states,
e.g. Tn. Provided that Tn is strongly coupled to the singlet mani-
fold it could be possible to achieve efficient triplet harvesting with
large radiative rates. Recently, Gilch and co-workers21 have pro-
posed that simple aromatic carbonyls, such as thioxanthone (TX),
could be used to achieve direct and controlled access to higher
lying excited states. To illustrate this they used a model system
composed of a methanol solution containing 1,4-dichlorobenzene
(DCB, triplet sensitizer) and TX (harvester). They showed that
upon addition of the triplet sensitizer, an enhanced emission was
observed because of T-TET from the lowest triplet state of DCB
into the isoenergetic T2 state of TX. Previous work22–27 has shown
that this state exhibits rapid reverse intersystem crossing (rISC)
into the bright S1 (pipi∗) state leading to the enhanced emission.
However despite the fact that the T1 state of DCB and the the
T2 state of TX are isoenergetic, only a small enhancement was
observed, and this remains unexplained.
In this contribution we study this triplet harvesting mecha-
nism. Using a combination of quantum chemistry, molecular and
quantum dynamics we rationalise the T-TET between TX and DCB.
We reveal that the origin of the weak fluorescence enhancement
is due to a strong preference for transfer into the T1 state of TX,
which is significantly lower in energy than the S1 state and there-
fore acts as a nonradiative trap site for triplet excitons. The reason
for this is a delicate balance between the electronic coupling, re-
organisation energy and the energy gap involved which provides
the understanding to potentially control this process in OLEDs.
2 Methods and Computations
2.1 Quantum Chemistry Calculations
The geometries of TX and DCB in their ground and relevant ex-
cited states were calculated using density functional theory (DFT)
and linear response time-dependent density functional theory (LR-
TDDFT) within the Tamm-Damcoff approximation and the PBE0
exchange and correlation functional28,29 as implemented within
the Q-chem quantum chemistry package30. A Def2-TZVP31 ba-
sis set was used throughout and the solvent was described using
conductor-like polarisable continuum model32 using the dielec-
tric constant of methanol.
The electronic coupling responsible for T-TET population trans-
fer from the DCB to the TX fragments was calculated using the
fragment-excitation difference (FED) method33 as implemented
within the Q-chem quantum chemistry package30. Here the cou-
pling is expressed:
VEETDA =
(E2−E1 ¯∆x12)√
(∆x11−∆x22)2+4∆¯x212
(1)
where E2−E1 is the energy difference between TX and DCB ex-
cited triplet states. ∆x12 is defined:
∆x12 =
∫
r
ρ(12)ex (r)dr−
∫
r
ρ(21)ex (r)dr (2)
where
ρ(12)ex (r) = ρ
(12)
hole (r)+ρ
(12)
elec (r) (3)
This expresses the excitation density as the sum of the attach-
ment (ρelec) and detachment (ρhole) densities created in an ex-
citation. In contrast to dipole-induced coupling, the coupling of
triplet energy transfer is an exchange mechanism and therefore
requires wavefunction overlap between the donor and acceptor
fragments34. Consequently, the coupling strength decays expo-
nentially with distance between the fragments.
2.2 Classical Molecular Dynamics
The classical molecular dynamics (CMD) were performed using
the Amber MD package35 with TX and dichlorobenzene solvated
in methanol. The force fields for the molecular dynamics were
generated using with the general Amber force-field (GAFF)36.
DFT(PBE0)/6-31G* determined Mulliken charges were used to
define the charges of TX and DCB. The force fields for DCB and
methanol were taken from ref.37. All force fields were defined
based upon ground state structures. In the context of the T-TET
coupling, the initial conditions of the mixture should correspond
to DCB in its triplet state. However the coupling elements are
most strongly determined by the distance between the two frag-
ments rather than the the specific structure of the DCB. Conse-
quently, we retained the ground state structure of DCB obtained
from previous parameterisations37.
The simulations consisted of a box containing a TX molecule
and 20 dichlorobenzene molecules. These were solvated with
methanol in a box with initial dimensions of 49 Å3. The system
was then equilibrated using a constant pressure of 1 atmosphere
and a temperature of 300 K until all properties (energy, temper-
ature and pressure) were converged. The dynamics were propa-
gated for a further 200 ps. All of the properties were simulated
from this 200 ps of dynamics.
2.3 Ab initio Molecular Dynamics
The ab initio molecular dynamics of TX in its electronic ground
state and DCB in its lowest triplet state was also performed using
Q-chem quantum chemistry package30. The potential energy and
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forces was calculated using DFT(PBE0) and a Def2-TZVP basis set.
The effect of the environment was included using a conductor-
like polarisable continuum model32 using the dielectric constant
of methanol. Snapshots from these 10 ps of MD were used to
compute the energy and corresponding distribution for the TX
and DCB molecules.
2.4 Model Hamiltonian for TX and TX-DCB
The ISC dynamics of TX and the energy transfer dynamics of
TX-DCB were studied using a model Hamiltonian operator based
upon the Linear Spin-Vibronic Coupling Hamiltonian38 (HSO−vib).
This Hamiltonian is the sum of a non-relativistic vibronic cou-
pling Hamiltonian matrix (Hvib), and spin-orbit, (HSO) Hamilto-
nian matrices:
HSO−vib =Hvib+HSO (4)
HSO is comprised of off-diagonal spin-orbit coupling terms, which
can either be Q-dependent39 or independent40. Where Q rep-
resents the dimensionless (mass-frequency scaled) normal mode
coordinates. In this present work, due to the rigidity of TX, the
spin-orbit coupling terms are assumed to be Q-independent and
the coupling at the Franck-Condon geometry used.
The vibronic coupling Hamiltonian matrix is expressed:
Hvib = (TN +V0)1+W(0)+W(1) (5)
TN is the kinetic energy operator and V0 is the ground state po-
tential. V0 is defined as a harmonic oscillator with vibrational fre-
quencies ωi for dimensionless normal coordinate Qi. As shown in
Table 1, for the TX only model ωi corresponds to 15 normal modes
included in the Hamiltonian and calculated at the ground state
optimised geometry of TX. For the TX-DCB, 5 additional modes
(1d−5d, Table 1), corresponding to the normal mode frequencies
of the T1 state of DCB at its optimised geometry, were included.
W(0) is the zeroth order diabatic matrix that contains the excited
state energies at Q0, the Franck-Condon geometry. W(1) is the
first-order linear coupling matrix written:
W (1)i j =∑
α
〈Φi(Q0)|∂Hˆel∂Qα |Φ j(Q0)〉Qα (6)
where the on-diagonal and off-diagonal terms are simplified to:
W (1)ii =∑
α
κ(i)α Qα (7a)
W (1)i j =∑
α
λ (i, j)α Qα (7b)
where α refers to a specific vibrational degree of freedom. W(1)
contains on- (κ) and off-diagonal (λ) coupling elements which
are Q dependent38. The on-diagonal elements are the forces act-
ing within an electronic surface and are responsible for structural
changes of excited-state potentials compared to the ground state.
The off-diagonal elements are the nonadiabatic couplings respon-
sible for transferring wavepacket population between different
excited states. Here, because we truncate the expansion of the
Hamiltonian to first order, we are using the linear vibronic cou-
pling (LVC) model41.
Mode ω(eV ) κT1(pipi∗) κT2(npi∗) κS1(pipi∗) λT1−T2
ν11 0.056 0.000 0.000 0.000 0.0006
ν14 0.061 0.000 0.000 0.000 0.0000
ν19 0.085 0.010 0.030 0.030 0.0000
ν24 0.098 0.020 0.050 0.050 0.0000
ν33 0.133 0.000 -0.039 -0.044 0.0000
ν38 0.144 0.000 -0.041 -0.040 0.0000
ν39 0.149 0.000 0.040 0.043 0.0000
ν41 0.150 0.000 0.035 0.045 0.0000
ν43 0.161 0.000 -0.030 -0.030 0.0000
ν46 0.173 0.000 0.037 0.042 0.0000
ν47 0.185 0.000 0.040 0.039 0.0000
ν50 0.189 0.000 0.000 0.000 0.0000
ν52 0.205 0.000 0.000 0.000 0.0000
ν54 0.208 0.000 -0.073 -0.067 0.0000
ν55 0.219 0.140 0.200 0.200 0.0001
ν1d 0.008 -0.040 -0.040 -0.040 0.000
ν2d 0.022 0.050 0.050 0.050 0.000
ν3d 0.046 -0.050 -0.050 -0.050 0.000
ν4d 0.062 -0.070 -0.070 -0.070 0.000
ν5d 0.079 0.100 0.100 0.100 0.000
Table 1 The expansion coefficients used in the model Hamiltonians for
TX and energy transfer from DCB to TX. The modes without the label d
are normal modes of TX, while the last 5 modes including the d label are
for the triplet state of DCB. The energies of the TX states at the
Franck-Condon geometry: T1(pipi∗)=2.80 eV, T2(npi∗)=3.50 eV and
S1(pipi∗)=3.20 eV. The energy for the T1 state of DCB is 3.45 eV.
Additional parameters include Spin-orbit coupling between the
S1(pipi∗)-T2(npi∗)=17.62 cm−1. The couple between DCB and TX is
included in the same way at the spin-orbit coupling, with
T1(DCB)-T1(TX) = 0.0025 eV and T1(DCB)-T2(TX) = 0.0002 eV.
The potential and couplings used to describe TX were ob-
tained by performing a fit of the linear vibronic coupling equa-
tions to TDDFT(PBE0) calculations at geometries along the im-
portant normal modes, so called diabatisation by ansatz. The nor-
mal modes were identified from those exhibiting the largest linear
coupling constants and were in good agreement with modes pre-
viously identified in ref.24. The total Hamiltonian included 15
normal modes and 3 excited states. All of the parameters are
provided in Table 1.
The Hamiltonian describing the TX-DCB triplet energy trans-
fer included an additional state, corresponding to the T1 state of
DCB. An additional five normal modes associated with the relax-
ation of the DCB in its triplet geometry to ground state geometry,
which occurs upon energy transfer, were also included. The cou-
pling between the DCB and the TX, which was assumed to be Q
independent, were included as off-diagonal elements in the same
way as HSO.
All dynamics were performed using the multi-configuration
time-dependent Hartree (MCTDH) method as implemented in the
Quantics quantum dynamics package42,43. For the ISC simula-
tions, the initial wavefunction in the ground state, built using
one- dimensional harmonic oscillator functions with zero initial
momentum, and was vertically excited into the S1 state of TX
at the FC geometry (Q = 0). For the energy transfer simula-
tions, the initial wavepacket was obtained from a relaxation of
the wavepacket on the T1 state of DCB. The calculation details
Journal Name, [year], [vol.],1–10 | 3
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Modes Ni,N j,Nk ni,n j,nk,nl
TX only ν11, ν14 6,6 4,10,2
ν19, ν24, ν33 6,6,6 4,10,2
ν38, ν39, ν41 6,6,6 4,10,2
ν43, ν46, ν47 6,6,6 4,10,2
ν50, ν52, ν54 6,6,6 4,10,2
ν55, 61 4,10,2
TX-DCB ν11, ν14 6,6 6,6,2,2
ν19, ν24, ν33 6,6,6 6,6,2,2
ν38, ν39, ν41 6,6,6 6,6,2,2
ν43, ν46, ν47 6,6,6 6,6,2,2
ν50, ν52, ν54 6,6,6 6,6,2,2
ν55 61 6,6,2,2
ν1d 121 6,6,2,2
ν2d 81 6,6,2,2
ν3d , ν4d , ν5d 6 6,6,2,2
Table 2 Computational details for the MCTDH simulations of the TX and
TX-DCB model. Ni,N j,Nk refers to the number of primitive harmonic
oscillator discrete variable representation (DVR) basis functions used to
describe each mode. ni,n j,nk and nl are the number of single-particle
functions used to describe the wavepacket on each state. This is 3 in
the case of the TX only model and 4 in for the TX-DCB model.
are provided in Table 2.
3 Results
3.1 Intersystem Crossing: Thioxanthone
The ISC of TX has previously been investigated experimentally22,23
and theoretically24–27. This work has shown that in protic sol-
vents, the bright S1(pipi∗) state is isoenergetic and in equilibrium
with the T2(npi∗) state. The structure of TX and orbitals involved
in these excited states are shown in Figure 2. This equilibration
is established within ∼10 ps and consequently, ISC and rISC must
also occur on this timescale. Importantly, this equilibrium per-
sists into the nanoseconds, due to the slow internal conversion
between the T1(pipi∗) and T2(npi∗) states.
(a)	 (b)	
(c)	 (d)	
Fig. 2 The (a) ground state equilibrium structure, (b) HOMO-2, (c)
HOMO and (d) LUMO orbitals of Thioxanthone.
Using perturbation theory, Marian and co-workers27 reported
that for the S1(pipi∗)-T2(npi∗) equilibrium, kISC = 3×109 s−1 and
krISC = 4×1010 s−1, although kISC is somewhat sensitive to the
hydrogen bonding between the oxygen on the TX and methanol
solvent. This was in agreement with the rate determined exper-
imentally23 of kISC = 7×1010 s−1 and krISC = 1×1011 s−1. This
previous work is used throughout the remainder of this section to
benchmark present results and the model for the excited states of
TX before studying the energy transfer between TX and DCB.
1.0
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 T1 (ππ∗)
 T2  (nπ∗)
 krISC = 7.0x1010 s-1
Fig. 3 Relative diabatic state populations of the S1 (black) and T2 (red)
states of Thioxanthone for 14 ps following excitation into the S1 state.
The solid lines of fits of the population kinetics derives from Equation 8.
Figure 3 shows the TX population kinetics during the first 14
ps after vertical excitation into the S1(pipi∗) using quantum dy-
namics with the previously described model Hamiltonian. The
dynamics included the T1(pipi∗), however due to the very weak
coupling (see table 1), the population of this state is negligible on
the timescale considered and therefore is not shown. These popu-
lations kinetics show a fast ISC from the S1(pipi∗) into the T2(npi∗)
state, which at the ground state geometry is 0.3 eV higher than
the S1(pipi∗). Although they become degenerate with excited state
structural distortions. At later times (>10 ps) an equilibrium be-
tween the two states is reached. To establish kISC and krISC, the
S1(pipi∗) populations kinetics are fit using the rate expression:
[S1(t)] = 1−
[
kISC
kISC+ krISC
× (1− exp−{kISC+krISC}t)
]
(8)
As shown in Figure 3, this yields a kISC = 2.3×1010 s−1 and a
krISC = 7.0×1010 s−1 in good agreement with the previous exper-
iments and theory, validating the model for TX used herein. This
also illustrates that this process is a direct spin-orbit ISC process,
driven by the El-Sayed’s allowed spin-orbit coupling (∼18 cm−1)
and small energy gap between the S1 (pipi∗) and T2 (npi∗) states.
3.2 Tripet-Triplet Energy Transfer: Thioxanthone and Dichloroben-
zene
We now turn our attention to the T-TET from DCB to TX. The
energy transfer between these two molecules was recently stud-
4 | 1–10Journal Name, [year], [vol.],
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ied by Torres Ziegenbein et al.21 in methanol solution. Owing to
the concentration of TX and DCB and the exponential distance
dependence of the exchange coupling associated with T-TET, the
energy transfer step in this system is diffusion controlled quench-
ing. However, herein we focus upon establishing the origin for the
preferential population transfer into the T1(pipi∗) over the T2(npi∗)
state. In the context of triplet harvesting, this has crucial impli-
cations as population entering the T1 state becomes trapped and
cannot undergo rISC to the S1 state due to the weak coupling and
large energy gap.
In the perturbative limit, the rate of triplet energy transfer
can be approximated using Fermi’s golden rule, which within the
semi-classical limit can be expressed:
kT−TET = |〈ψ f
∣∣HˆT−T ∣∣ψi〉|2 1√
4piλkBT
exp
[
− (∆G+λ )
2
4λkBT
]
(9)
The first term is responsible for the electronic coupling between
the initial (ψi) and final (ψ f ) triplets states. The other terms cor-
respond to the Franck-Condon weighted density of states. Equa-
tion 7 shows that there are three components that can control
the rate, the electronic coupling (〈ψ f
∣∣HˆT−T ∣∣ψi〉), the free-energy
difference between the states (∆G) and the reorganisation energy
(λ).
To understand the role of ∆G, Figure 4 shows the energy distri-
bution of the T1(pipi∗) and T2(npi∗) states of TX and the T1(pipi∗)
state of DCB. For both molecules, the geometries were sampled
from 10 ps of ab initio molecular dynamics of DCB in the low-
est triplet state and TX in its electronic ground state, mimicking
the starting electronic structure of the system before T-TET. The
distribution of energies for DCB is very broad owing to its flexi-
bility44 in the T1 (pipi∗) state. Importantly, the energies and their
spread are in reasonable agreement with experimentally recorded
phosphorescence spectra45–47.
For TX, the average energies of T1 (pipi∗) and T2 (npi∗) are in
good agreement with previous high level calculations performed
by Rai-Constapel et al.26. It is emphasised that in the present
study, the effect of the solvent, methanol, is accounted for implic-
itly using a continuum model. In ref.27, the authors assessed the
effect of explicit hydrogen bonding between the carbonyl on the
TX and methanol. This increased the energy of the T2 (npi∗) up
by ∼0.1 eV. We have observed a similar effect when using specific
snapshots from the MD simulations including an explicit descrip-
tion of a methanol molecule. Given the relative position of the T1
state in DCB and the T2 for TX, this will increase the number of
configurations for which it is energetically unfavourable for en-
ergy transfer from the DCB to the T2 of TX to occur. However,
this is only a small fraction and therefore cannot explain the lack
of energy transfer into the T2 state of TX reported experimentally.
As demonstrated in Eq. 9, the reorganisation energy (λ) also
plays a crucial role in the rate of triplet energy transfer. To estab-
lish the relative rates of the two channels we have calculated λ
following ref.48. For the T-TET into the T2 of TX λ = 2.1 eV, while
for transfer into the T1, λ = 1.9 eV. In both cases the vast majority
of this reorganisation energy (1.8 eV) derives from the structural
change of DCB when moving from its triplet to ground state ge-
2.0
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 T1 (ππ∗)  T2 (nπ∗)
 Thioxanthone
 Dichlorobenzene
T1
Fig. 4 A distribution of the energies of the of the T1 (pipi∗) and T2 (npi∗)
states of TX and the T1 (pipi∗) state of DCB extracted from 100
configurations sampled from 10 ps of ab initio molecular dynamics.
ometry. Importantly, this large reorganisation energy favours pop-
ulation transfer to states with a larger ∆G, as shown in Equation
9.
Figure 5 shows the electronic coupling between the T1 of DCB
and the T1 of TX (red trace) and T2 of TX (blue trace). Impor-
tant in the context of the present work is that the coupling to the
T1(pipi∗) of TX is consistently larger at all distances between TX
and DCB. The origin of this difference is due to the orbitals in-
volved in the excitation of the two interacting fragments. In the
case of T1(DCB)-T1(TX) coupling, the transitions are both involv-
ing pi and pi∗ orbitals which are spread over the entire molecule.
This ensures the largest overlap and therefore coupling for a par-
ticular separation between the fragments. However, for for the
T1(DCB)-T2(TX) coupling, the T2 state of TX is an (npi∗) transi-
tion, and therefore is more localised on the C=O bond, which
reduces the overlap and therefore the coupling.
Using the aforementioned parameters in conjunction with Equa-
tion 9, Table 3 shows the rate of population transfer from the DCB
to the TX. This shows a strong preference for transfer to the T1
state with a rate of 2.34×108 s−1 compared to 4.35×105 s−1 for
transfer into the T2 state of TX. This difference derives from the
∆G+λ term. However, using these rates within a kinetic model,
the large difference between the two pathways leads to negligible
population in the T2 state (0.2%) and therefore cannot explain
the enhanced fluorescence observed. However, this analysis uses
a single geometry and therefore cannot account for distributions
in geometry and how this affects the rates. Indeed, as shown
Journal Name, [year], [vol.],1–10 | 5
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〈ψ f
∣∣HˆT−T ∣∣ψi〉 (eV) λ (eV) ∆G (eV) kFGRT−TET (s−1) kQDTETT (s−1)
TDCB1 →TTX1 0.015 2.10 -0.70 2.34×108 9.90×108
TDCB1 →TTX2 0.005 1.90 -0.30 4.35×105 5.21×107
Table 3 The electronic coupling (〈ψ f
∣∣HˆT−T ∣∣ψi〉), free-energy difference between the states (∆G) and the reorganisation energy (λ ) used to calculate
kFGRT−TET between the two channels using Equation 9. The same rates are also calculated using the quantum dynamics for comparison.
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Fig. 5 The T-TET electronic coupling as a function of distance between
the centroids of DCB and TX, calculated using the fragment-excitation
difference (FED) method 33 as implemented within the Q-Chem quantum
chemistry package 30, between the T1(pipi∗) of DCB and the T1(pipi∗, red)
and T2(npi∗, blue) of TX. Each point is the average of many MD sampled
couplings assigned to 0.5 Å distance bins in the range 3.5-10 Å.
in Figure 4, DCB is quite flexible and therefore accounting for a
range of geometries is important to achieve a full description of
the rates of population transfer.
Figure 6a shows quantum dynamics simulations of the energy
transfer from DCB to TX. The model Hamiltonian is based upon
the one used previously for TX, but includes 5 additional degrees
of freedom associated with the DCB. These modes are primar-
ily responsible for the structural changes between triplet to the
ground state state of DCB which occurs upon energy transfer.
The populations kinetics, like the Fermi’s Golden Rule calcula-
tions, shows a strong preferences for transfer to the T1(pipi∗) state
rather than the T2(npi∗) state, with a rates of 9.9×108 s−1 and
5.2×107 s−1 for the T1 and T2 states, respectively.
Using these rates, Figure 7 shows a kinetic model similar to
that presented in ref.13. The solid lines correspond to the T2 state
of TX, while the dashed lines correspond to the T1 state. The
red lines use the rates calculated using the Fermi’s Golden Rule
approach, and yield a final population distribution of <0.2% in
the T2(npi∗) state. However, when using the rates extracted from
the quantum dynamics (black trace), we observed ∼4.5% popu-
lation of the T2(npi∗) state, in excellent agreement with the ∼3%
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Fig. 6 (a) Relative diabatic state populations of the T1 (red) and T2
(black) states of Thioxanthone for 5 ps, following initial wavepacket
population into the T1 state of DCB. (b) The ratio of the T-TET rates
(kT1/kT2 ) into the T1 and T2 states of Thioxanthone as a function of the
electronic coupling between the T1 state of DCB and the T2 state of TX.
reported by Gilch and co-workers21. In this case, the quantum
dynamics provides a better description of the ratio between the
two rates as the inherent width of the wavepacket more effec-
tively samples the range of configurations possible, especially in
the T1 state of DCB. However, it is emphasised that the ratio be-
tween these two pathways can be modified quite easily. Figure 6b
shows the ratio of the rates as a function of the coupling to the T2
state. The coupling to the T1 state is kept fixed at 0.0025 eV. This
shows an exponential dependence on the relative rates of the two
channels, with population transfer to the T2 state preferred if the
T-TET coupling exceed 0.0010 eV.
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Fig. 7 Time-dependent population of the T1(pipi∗, dashed) and T2(npi∗,
solid) state using a kinetic model and the rates calculated using Fermi’s
golden rule (red) and quantum dynamics (black).
4 Discussion and Conclusions
In the previous sections we have simulated the ISC and T-TET
dynamics to shed more insight onto the energy transfer between
DCB and TX. In agreement with extensive previous experimental
and theoretical work, the ISC of TX only occurs mainly from the
S1 into the T2 state with a rate of ∼1010 s−1. This is driven by the
El-Sayed’s allowed spin orbit coupling between the two states.
In addition, the near degeneracy of these states means that an
equilibrium is formed in ∼10 ps. Internal conversion between the
T2 and T1 states is slow due to the large energy gap between them
and the weak coupling. In the context of triplet energy transfer
this creates two separate channels, TDCB1 →TTX1 and TDCB1 →TTX2 .
As recently reported experimentally21, only the latter results in
an enhancement of the fluorescence yield of TX, due to the rapid
rISC arising from the small energy gap.
Our simulations of the energy transfer from DCB to TX show,
in agreement with ref.21, that population transfer into the T1
state of TX is strongly preferred. This is a consequence of the
larger coupling of this state to the T1 state of DCB and the com-
bination of the large energy gap with a large reorganisation en-
ergy, derived principally from DCB, which creates a favourable
term (∆G+λ). Interestingly, we have shown that this is a rather
delicate balance and relatively small variations in the coupling
strength between the two fragments can significantly alter this,
providing an opportunity for controlling this process in the con-
text of OLEDs. Indeed, host molecules are designed to have mini-
mal reorganisation energy, which according to the (∆G+λ) term
will favour energy transfer between states that are almost isoen-
ergetic. For the present case this would correspond to the T2 of
TX, which results in fluorescence enhancement. This is nicely
illustrated by the work of Tabachnyk et al4, who reported that
triplet energy transfer from pentacene to PbSe nanocrystals could
only be achieve in band gap states of the nanocrystals which were
close to resonant with the triplet state of the pentacene. This is
because pentacene has a low reorganisation energy upon energy
transfer.
Importantly, the intermolecular energy transfer from the DCB
sensitiser to the TX is rate determining and can assumed to be dif-
fusion controlled. Indeed, owing to the low concentration of the
DCB21 and the exponential decay of the coupling constant with
distance, population transfer can only occur when DCB comes
close to the TX. As shown in ref.21, the rate of population transfer
can be estimated from the rate of diffusion of DCB in methanol.
This is somewhat different to the situation expected from OPV or
OLEDs, which exist in the solid state. In the case of OLEDs, guest
and host molecules will be in much closer proximity, facilitating
triplet energy transfer. However, crucially this approach to gener-
ating higher lying excited states requires exciton generation, i.e.
recombination of charges, on the host rather than the emitter. But
triplet states generated on the host are generally not desirable as
these are forced to diffuse through the host region to the emitter
and tend to annihilate. Consequently, to achieve higher device ef-
ficiencies it would appear preferable to ensure exciton generation
on the emitter3.
While this would appear to make the proposed hot exciton
mechanism unfavourable, it is not quite so straightforward. Von
Borczyskowski and co-workers49,50 studied the triplet energy trans-
fer in dichloro- and dibromobenzene crystals. In contrast to the
primarily diffusion driven mechanisms of triplet energy trans-
fer from DCB in solution, in the solid state, the transfer rates
in the solid state exhibit a stretched exponential kinetics arising
from the disorder of sites. Indeed, they reported two mechanism
for energy transfer namely thermally activated pathways or en-
ergy funnels. For the latter the dichlorobenzene (monomers and
dimers) lower the energy levels of the surround dibromobenzene
molecules generating a funnel promoting energy transfer to the
dichlorobenzene units. This is similar to the charge transport re-
cently simulated by van Voorhis and co-workers51. Exciton for-
mation in the region of the guest molecules, promoted by this
funnelling effect could lead each to hot exciton formation through
the mechanism proposed herein, although it is likely that this is
hard to control.
Alternatively, it is important to consider that the formation of
higher lying excited states on the emitter is still possible if the
exciton is generated directly on the emitter, which is usually con-
sidered preferable for OLEDs. Indeed the energetics of guest and
host frontier orbitals means that electron and hole transfer on to
the emitter does not necessarily have to occur into the HOMO or
LUMO, but can populate higher (lower) lying orbitals. In theses
cases, there will be a competition between the orbital relaxation
and the timescale taken to form the exciton, i.e. arrival of the sec-
ond charge carrier. The latter will clearly strongly depend on the
current density. Due to the longer timescales of relaxation (>10
ns) we have not been able to study this process in the present
work. However, recently, the competition between deep hole
transfer and relaxation has been studied in DNA hairpins52. In
this work, the authors proposed deep-hole transfer along a chain
of nucleobases, which involved long-range migration of a hole
Journal Name, [year], [vol.],1–10 | 7
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(a)	
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Fig. 8 A schematic of a potential mechanism for hot exciton transfer. In
this case it is applied to hole trapping occurring first, but is equally valid
for electron trapping. (a) The hole is trapped on the guest in the
HOMO-2 orbital. (b) Relaxation occurs so that the hole relaxes into the
HOMO orbitals. (c) The electron is transferred and trapped in the
LUMO+n orbitals forming a subset of the complete range of valence
excited states.
through lower-lying electronic states of the nucleobases. They re-
ported hole relaxation from deep lying occupied orbitals into the
HOMO occurring on 10-100 ns timescale. Importantly, as trap-
ping of charges usually occurs on the µs timescale, this would ap-
pear to allow sufficient time for relaxation53 before formation of
the exciton. As the second charge transfer event forming the ex-
citon can also populate higher (lower) lying orbitals, this creates
a subspace of states which can be accessed: HOMO→LUMO+n in
the case that the hole is trapped first, or HOMO-n→LUMO in the
case that the electron is trapped first. This is shown schematically
in Figure 8. Exploring this further is the objective of future work.
In conclusion, we study a triplet harvesting mechanism, aris-
ing from T-TET into higher lying states on an emitting molecule.
Using a combination of quantum chemistry, molecular and quan-
tum dynamics we have rationalised previous experimental results
for T-TET between TX and DCB in solution. Our simulations show
that the origin of the weak fluorescence enhancement is due to
a strong preference for transfer into the T1 state of TX. In the
broader context of organic electronics, this preference derives
from a large reorganisation energy of DCB, and therefore as ma-
terials in OLEDs tend to minimise this, it would be possible to
control energy transfer into higher lying triplet states. However,
crucially this requires exciton formation on the host and subse-
quent diffusion to the emitter, which is often detrimental to de-
vice performance. Consequently, while promising, further insight
into the mechanism of exciton formation on the guest and the
formation of higher lying excited states through this mechanism
needs to be achieved before establishing the best approach for
controlling hot exciton processes in organic electronics.
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